In therapy of port wine stain (PWS) birthmarks using pulsed green or yellow lasers, non-specific absorption by epidermal melanin reduces the amount of incident radiation that reaches the target PWS blood vessels. The related epidermal heating can induce blistering, dyspigmentation, or scarring, which limits the applicable radiant exposure, thus adversely affecting the efficacy of treatment in many patients. Our objective was to assess temperature depth profiles induced in PWS skin by a novel Nd:YAG laser emitting simultaneously at 1064 and 532 nm. The results should help determine safe radiant exposures for use in future clinical trials. The underlying hypothesis is that the added 1064 nm radiation may lead to a higher temperature increase in PWS relative to the epidermis, in comparison with a customary KTP/Nd:YAG laser system for vascular treatments (emitting at 532 nm only). The laser induced temperature profiles were determined in vivo using pulsed photothermal radiometry. A PWS test site was irradiated with a sub-therapeutic laser pulse and the transient change of the infrared radiant emission was recorded by a fast infrared camera. The laser-induced temperature profiles were reconstructed by solving the thermal-radiative inverse problem using an iterative minimization algorithm.
INTRODUCTION
Port wine stain birthmarks (PWS) consist of a normal epidermis overlying an abnormal plexus of dilated blood vessels within the most superficial millimeter of the dermis. Depth distribution of PWS blood vessels varies from patient to patient, with the highest fractional blood content on average 0.2−0.4 mm below the epidermal-dermal junction. 1 Since most of the PWS lesions occur on the face, they represent a clinically significant problem with potentially devastating psychological and physical complications.
PWS therapy currently utilizes selective photocoagulation of the ectatic vasculature using pulsed green or yellow lasers. However, non-specific absorption by epidermal melanin reduces the amount of incident radiation that reaches the subsurface target chromophores -hemoglobin in PWS blood vessels. Moreover, excessive epidermal heating can induce blistering, dyspigmentation, or scarring of skin. Despite the recent implementation of dynamic cooling of human skin, 2, 3 this effect limits the radiant exposure that can be safely applied in therapy, thereby adversely affecting treatment efficacy in many patients.
The main objective of present study was to measure temperature depth profiles induced in PWS skin in vivo by a novel laser system, emitting simultaneously at 1064 nm and 532 nm. The results, when compared with those obtained by using a customary KTP/Nd:YAG laser for vascular treatments (emitting at 532 nm only) should enable determination of safe radiant exposures for use in clinical trials of the novel laser system. Because the melanin absorption decreases with increasing wavelength, 4 the hypothesis is that the additional irradiation at 1064 nm may induce a higher temperature rise in the PWS relative to the epidermis, as compared to irradiation at 532 nm alone. Moreover, recent evidence indicates safe and successful applications of near infrared (IR) lasers in therapy of vascular lesions, despite the absence of spatial selectivity in absorption of near IR radiation. 5, 6, 7 The laser-induced temperature distribution were measured by means of pulsed photothermal radiometry (PPTR). PPTR is based on time-resolved acquisition of infrared (IR) emission from the sample surface after pulsed laser exposure. With known optical and thermal properties of the sample, the temperature depth profiles can be reconstructed from acquired transient radiometric signals by solving the inverse problem of heat diffusion and blackbody emission. 8, 9 Such an approach is very suitable for depth profiling of optically scattering samples, including biological tissues, 10, 11, 12, 13 and has been suggested earlier for characterization of PWS lesions. 14, 15, 16 Moreover, by recording radiative emission from the skin surface with high lateral resolution, three-dimensional imaging of in vivo vasculature has been demonstrated. 17, 18, 19 In the present work, we apply PPTR to compare the effect of two different laser systems on the same PWS site, aiming at assessing the clinically applicable light dosages and subsequent therapeutic effect of a novel laser system.
METHODOLOGY

Lasers and PWS site preparation
The Tandem laser system prototype (provided by Fotona, Ljubljana, Slovenia) emits 1-50 ms long pulses at wavelengths of 532 and 1064 nm simultaneously. Approximately 36% of the total pulse energy is emitted at 532 nm, the remaining 64% at 1064 nm. The system has obtained 510k approval from the US Food and Drugs Administration (FDA) for treatment of vascular lesions. For the purposes of PPTR measurements, 1 ms pulses were used; the radiant exposure at the skin surface was very low, H 0 = 0.31 J/cm 2 . For comparison measurements, we used a standard KTP/Nd:YAG dermatologic laser system emitting at 532 nm (VersaPulse by Lumenis, Santa Clara, CA), at 2 ms pulse duration. The radiant exposure at the skin surface was also sub-therapeutic: H 0 = 1.81 J/cm 2 .
The stated radiant exposure values were determined by measuring the pulse energy transmitted through a 0.72 mm diameter pinhole in the object plane. The pyroelectric detector (J25LP-1, Molectron, Portland, OR) was customized and re-calibrated to allow measurements of such relatively long laser pulses. Homogeneity of the irradiation was verified by laterally scanning the aperture within the field of view of the infrared camera. Two PWS sites on the hand and forearm (Figs. 1a and 1b, respectively) of a volunteer patient were irradiated in the PPTR measurements. Prior to irradiation, the selected areas were shaved, and stratum corneum removed by tape stripping. The remnants of stratum corneum and glue were subsequently wiped away with ethanol. After remoistening the skin with saline pads and wiping off excess liquid with paper tissue, the prepared site was positioned in the 1 cm aperture of the PPTR setup (see Fig. 2 ).
Pulsed photothermal radiometry -basics
Detailed discussion of PPTR depth profiling in semi-infinite media can be found elsewhere. 15, 20 In short, onedimensional approximation is valid as long as the laser irradiated spot (>5 mm in diameter in our experiments) is much larger than the involved optical penetration depths and thermal diffusion lengths. Planck's law of radiation, which describes the locally emitted power density at wavelength λ, is linearized around the initial skin temperature,
∆T. Due to the finite absorption coefficient of emitted IR radiation (µ IR ), radiometric signal from a non-uniformly heated object is composed of appropriately attenuated contributions from different depths z. The radiometric signal S λ (t) is thus expressed as
where constant C accounts for optical properties of the sample surface and collection optics, and detector specifics. Temperature field evolution in the sample, ∆T(z,t), is a convolution of the laser-induced temperature rise, ∆T(z,t=0), and the thermal point-spread function of the sample. Since the latter is known explicitly, 15 convolution with the exponential attenuation function in (1) can be performed, yielding a simple integral expression for the transient part of the radiometric signal, ∆S λ (t):
In the following, we apply kernel function K(z,t) as derived by Milner et al. 15 (with thermal diffusivity of skin D = 1.1 × 10 -7 m 2 s -1 , and the reduced heat transfer coefficient at the surface of h = 0.02 m -1 ).
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Experimental setup, signal acquisition, and data analysis
A schematic diagram of the PPTR experimental setup is presented in Figure 2 . Light pulse emitted from the laser handpiece is reflected by onto PWS skin site by a micro-prism. A unity magnification IR optics (f/2) images the central 1.9 × 1.9 mm 2 area of the irradiated site onto an InSb focal-plane array (FPA) detector (liquid nitrogen cooled) of the IR camera (Galileo, Raytheon, Dallas, TX). Because µ IR of skin varies by two orders of magnitude within the commonly utilized 3−5 µm detection band of the InSb detector, a custom filter narrows the acquisition band to 4.5-5.0 µm, whereby the effective value µ IR = 26.5 mm -1 was found to adequately represent optical properties of human skin. 21 A fixed aperture enables accurate positioning of the PWS test site in the object plane of the IR camera optics (see Fig. 1 ).
A digital delay generator was used to synchronize the pulsed laser emission and IR camera acquisition. By using a 64 × 64 subset of the FPA elements, the signal acquisition rate was 700 frames per second (at 0.9 ms integration time for each frame). The acquired data were digitized with a 12-bit A/D converter and stored in personal computer's memory. Finally, the PPTR signals ∆S(t) were computed by calibrating the system response using a computercontrolled blackbody (BB701, Omega Engineering, Stamford, CT), averaging laterally across the FPA, and subtracting the background signal level. Only one laser pulse needs to be applied for each PPTR measurement. However, in view of the severe ill-posednes of the ensuing mathematical analysis, each presented signal represents an average of three experimental recordings, acquired on the exact same skin site and under the same conditions, in order to reduce the signal-to-noise ratio.
The initial temperature profiles ∆T(z,0) were reconstructed by solving the inverse problem of heat diffusion and blackbody emission. We applied a conjugate-gradient iterative algorithm with a non-negativity constraint, and regularized by early termination. Such approach, combined with the so-called "L-curve" technique to determine the degree of regularization, has been shown to offer a good combination of speed and performance. 15 The presented examples, involving signal vectors with 950 elements and 64-100 unknown temperature values, required a couple of seconds CPU time on a 64-bit workstation (Sparc II, Sun Microsystems). Figure 3a presents the arithmetic mean of three PPTR signals acquired from PWS on volunteer patient's hand (site A) after pulsed irradiation with the Tandem laser. Figure 3b shows a few characteristic temperature profiles ∆T(z,t=0), reconstructed from the signal in Figure 3a . The presented profiles include an under-iterated (n = 5; dashed line), representative (n = 7; heavy solid line), and perhaps over-iterated solution (n = 10; lighter solid line). The optimal iteration number is indicated by the "knee" in the corresponding L-curve (Fig. 3c) , representing a log-log plot of the quadratic norm of the "image" (i.e., reconstructed temperature profile) against the norm of the residual (i.e., difference between the PPTR signal predicted from current solution and the experimental one).
RESULTS
Similarly, Figure 4 presents the averaged PPTR signal and the reconstructed temperature profiles for PWS on the same patient's forearm (site B), after pulsed irradiation with the same laser (Figs. 4a and 4b, respectively). Temperature profiles ∆T(z,t=0) presented in Figure 4b include under-iterated (n = 5; dashed line), representative (n = 8; heavy solid line), and pehaps over-iterated solution (n = 10; lighter solid line), according to L-curve analysis.
For the purposes of comparison, we present also temperature profiles induced in the same PWS sites A and B by pulsed irradiation with a KTP laser (λ = 532 nm, H 0 = 1.8 J/cm 2 - Figs. 5a and 5b, respectively). In these examples, convergence of the iterative image reconstruction is much better than that observed in Figures 3b and 4b . 
DISCUSSION
From simple calorimetric reasoning, it is evident that the area under the reconstructed temperature profile is proportional to surface density of the deposited energy, converted to heat (ε):
From known thermal properties of human dermis (mass density ρ = 1200 kg/m 3 and specific heat capacity c = 3800 J/kgK), 22 we can compute ε (3) for both PWS sites and irradiation lasers under test. The results are compared with respective radiant exposures (H 0 ) in Table 1 . The fraction of delivered radiant exposure deposited as heat in the profiled skin layer (η dep = ε /H 0 ) is evidently smaller with the Tandem laser as compared to irradiation at 532 nm alone (i.e., KTP laser). With the latter, the "missing" energy amounts to 10% and 21% of the incident value (for sites A and B, respectively). These values correspond nicely to reflectivity of PWS in fair (Caucasian) skin at the 532 nm wavelength, 23 which is strongly absorbed in both blood hemoglobin and epidermal melanin.
Starting from these values, and assuming that 36% of the energy emitted by the Tandem laser is at 532 nm, we derive that only 5-11% of the incident energy at 1064 nm is deposited as heat within the characterized skin layer. While this result is very unreliable (due to inaccurate input values and computationally unstable formulas involved), and likely exaggerate, the indicated trend is however plausible. Both hemoglobin and melanin absorption coefficients decrease rapidly towards the near IR, and the reflectivity of fair skin can exceed 50% at λ = 800 nm. 23 More specifically, from λ = 532 nm to 1064 nm, the melanin absorption drops by almost a factor of 10, 4 and hemoglobin absorption by even more (a factor of 100-250, assuming 80% oxygenation level). This leads not only to strongly increased skin reflectivity, but also to large optical penetration depth at 1064 nm (on the order of mm), which is accentuated further by the lower value of the reduced scattering coefficient. Such effect is indicated by the non-negative, slowly decreasing temperature ∆T(z,t=0) at depth z = 1.4 mm in Tandem laser irradiation of PWS site B (Fig. 4b) .
In each of the presented examples, the temperature profile was reconstructed in a z interval deep enough for the solution ∆T(z,t=0) to drop to 0 before its deep end. (In the example in Fig. 4b, e. g., the solution interval was 2.0 mm deep.) Accordingly, with integration in Eq. (3) extending over the whole solution interval, the presented ε values ideally encompass all deposited energy converted to heat. Nevertheless, amplitudes of the PPTR signal contributions from skin layers deeper than the heat diffusion length corresponding to the total signal acquisition time (t a ) decrease progressively. In the discussed experiments, t a ≈ 1.3 s, and heat deposition at depths beyond z D ∼ 0.8 mm may thereby not be reliably detected. We anticipate that this effect is more pronounced at low signal-to-noise ratios, such as occured in our Tandem measurements due to the very low radiant exposure. Until further evidence is obtained, we thereby allow that the unexpectedly low ratios η dep assessed with the Tandem laser may be in part due to energy deposition at depths out of reach of PPTR profiling, in addition to the high skin reflectivity at 1064 nm.
In order to allow an objective comparison of the thermal effect of the two lasers, we present in Figure 6 temperature profiles upon pulsed irradiation of PWS test site A with the Tandem and KTP laser, normalized to a uniform radiant exposure of H 0 = 1 J/cm 2 ( Figs. 6a and 6b, respectively) . The plotted lines and error bars represent, respectively, the mean value and standard deviation of the temperature at each depth, as computed from a few near-optimal iterative solutions ( Fig. 6a : n = 5-10; Fig. 6b : n = 10-50). Key characteristics of such normalized temperature profiles are collected in Table 2 (for both PWS test sites): superficial temperature value (T 1 ), subsurface temperature peak (T 2 ) and the depth of the latter (z 2 ). The solid lines and error bars represent, respectively, the mean value and standard deviation of the temperature at each depth, as computed from e few near-optimal iterative solutions: n = 5-10 (a); n = 10-50 (b). As seen in last two columns of Table 2 , the ratio of the superficial temperature rise (T 1 ) obtained with the Tandem laser relative to KTP at the same radiant exposure is ∼0.5. Doubling the radiant exposure customarily used with KTP lasers thereby appears appropriate in application of the Tandem laser system, as far as the amount of epidermal heating is concerned. Because the ratio of the corresponding T 2 values is significantly smaller than 0.5, one might conclude that the resulting vascular heating would be inferior to that obtained with a KTP laser at the original radiant exposure. However, such reasoning would be premature for several reasons:
First, the observed subsurface temperature peaks are quite superficial; most of the z 2 values in Table 2 fall within the range of typical basal layer depths (60-120 µm). It is very likely that these peaks do not arise exclusively from hemoglobin absorption, and so the T 2 values may not reflect the amount of induced vascular heating. In support of this claim, we present in Figure 7 the temperature profile in PWS site A, induced by pulsed irradiation with a pulsed dye laser (PDL) at 585 nm (ScleroPlus by Candela, Wayland, MA; pulse duration t p = 1.5 ms, radiant exposure H 0 = 4.3 J/cm 2 ). The profile in Figure 7a features a superficial temperature of 17 °C, and a subsurface peak of 20 °C at z 2 = 88 ± 9 µm (n = 10). On the same PWS site, we have also performed so-called dual-wavelength excitation (DWE) PPTR profiling. 24, 25 This technique allows separation of the epidermal and vascular components based on spectral differences between the melanin and hemoglobin at 585 and 600 nm, enabling more accurate and reliabile temperature profile reconstruction, in particular in shallow PWS. The result, presented in Fig. 7b , reveals markedly different amplitude (12 °C) and location of the peak PWS temperature (166 ± 9 µm) from the above values (heavy solid line). As is also evident from Figure 7b , the temperature peak at z ≤ 100 µm arises as the sum of the melaninand hemoglobin-contributed temperature profiles near the basal layer (lighter solid line). Judging by the close resemblance with the results in Figures 5a, 3b , etc., this effect is likely present in most of the above presented temperature profiles. (An exception might be the result in Figure 3b with z 2 = 164 µm, in accordance with the fact that the 1064 nm radiation is only minimally absorbed in the epidermal melanin.) Consequently, we have to conclude that the extracted T 2 values do not reflect reliably the induced heating of PWS.
Second, as Figure 7 also demonstrates, the surface temperature value (T 1 ) is often not reconstructed reliably in customary (i.e., single-wavelength) PPTR profiling of such relatively complex profiles. This is indicated also by the poor convergence in that part of the solution in Fig. 7a -in contrast with the DWE analysis, where reconstructions of the epidermal and PWS profiles are remarkably convergent and robust. 21, 24, 25 Although the DWE technique is still in process of optimization and rigorous testing, 25, 26 it is safe to conclude that the maximal permissible light dose for the Tandem laser can not be reliably determined from the T 1 values in Table 2 .
Nevertheless, note that the temperature rise at the basal layer, the most important epidermal structure -and the one that will be least protected by dynamic cooling -limits the maximal permissible radiant exposure in a therapeutic application. Thereby, inasmuch as the presented results represent the actual skin temperature profiles, the subsurface peak values (T 2 in Table 2 ), which are incidentally near the basal layer depth, determine the maximal radiant exposure. From such reasoning, three to four times higher radiant exposures might be safely applied with the Tandem laser, as compared to the customary KTP lasers (at the same pulse duration). This factor correlates well with the ratio of the total vs. 532 nm emission from this laser (nominally 2.8), and the fact that the melanin absorption at 1064 nm is approximately 10 times lower than at 532 nm. In fact, from these two values alone, maximal permissible radiant exposures for the Tandem laser would scale by a factor of 2.4 higher than those for a comparable KTP laser. If 6-8 J/cm 2 is considered as a conservative estimate of the latter, radiant exposures around 20 J/cm 2 , and accordingly higher with dynamic cooling, should be safe to apply with the Tandem laser. The ∼12 J/cm 2 contribution at 1064 nm does certainly not present a medical hazard even if sizable portion of this radiation penetrates deeply into the skin, as several times higher radiant exposures are used routinely in Nd:YAG treatments of unwanted hair and vascular lesions.
Finally, while the above discussion was based on optical properties of native oxy-and deoxy-hemoglobin, chemical transformations during laser irradiation at 532 nm (tentatively to met-hemoglobin) were recently reported and studied by Barton et al. 27 From their data, first sings of transformation begin after deposition of ∼3-5 J/cm 2 (delivered over 3-5 ms). Since radiant exposures in our measurements with Tandem and KTP lasers were significantly lower, we believe that the above mentioned effects can be disregarded in analysis of the presented data. However, such effects may play an important role in applications of the Tandem laser at therapeutic dosages as suggested above.
CONCLUSIONS
Pulsed photothermal radiometry is a viable tool for determination of temperature profiles induced in PWS in vivo with different laser systems. First measurements with the dual-wavelength laser system "Tandem" (emitting at 532 and 1064 nm simultaneously) suggest that 2.5-3 times higher radiant exposures may be applied with this laser than with a customary KTP laser (532 nm only) at similar pulse duration. A significant amount of deep heating (at the 0.5-1.5 mm depths) was observed in one measurement with the Tandem laser, which may be very promising for treatment of deeper and larger vessels, and perhaps even hair removal. More detailed analysis and/or further measurements, perhaps involving DWE, will be necessary to extract quantitative information, since the blood induced temperature profiles and epidermal heating were overlapping in both PWS sites under test, effectively preventing determination of the individual contributions to dermal heating.
